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Wind tunnels are test devices used in aerodynamic experiments to understand the effects of 
air moving through solid objects. Wind tunnels are often used to provide a steady and 
controlled flow of wind to replace natural winds and to test new models of spacecraft, aircraft 
and vehicles, and some wind tunnels have enough room to inspect full-size cars. 
A small wind tunnel system has been acquired and requires re-design and testing. These 
works follow on the ENG470 work by Mr Ibrahim Noor Izham, who undertook the initial study 
that analysed the functionality and limitations of the existing wind tunnel. However, the 
conclusion of the works shows the current wind tunnel does not have the capability to meet 
the requirements of Murdoch University. 
Therefore, this project aims to design and construct a new open return wind tunnel system 
for Murdoch University, which has been designed to achieve 20m / s in the test section with 
expected low turbulence intensity level. Making it available for Murdoch University research 
and education purposes, for example, research particular emission from biochar-amended 
soil, low-speed aerodynamics experiments (ENG 339: Wind and Hydro Power Systems: testing 
aerofoil and wind turbine models). In order to implement these goals, a very detail design 
was carried on using theoretical modelling and CFD simulations. Moreover, flow stabilization 
and control are also performed by using a honeycomb and screens; all of these are optimized 
to produce low turbulence levels in the test section. Furthermore, the axial fan with a VFD for 
this wind tunnel project was delivered at the end of March 2019, to assist the subsequent 
wind tunnel project, an experiment was conducted on 25th May 2019 to study the relationship 
between wind flow speed generated by the axial fan with different fan speed in RPM. 
iv 
The report has addressed the dimension of the new wind tunnel design by theoretical 
modelling method. Base on this dimension of the wind tunnel design, an AutoCAD modelling 
and a CFD simulation is conducted to investigate the turbulence intensity level in the test 
section. The results show that when the wind tunnel is operated at a wind speed of 20 m / s, 
the turbulence intensity of the test section is less than 3%. The fan test results show that the 
maximum wind speed produced by the axial fan is 12.97 m / s, which is much lower than the 
expected speed of the fan section of 15.405 m / s. The reason is that the vibrations of the fan 
test structure affect the wind speed measurement of the Pitot tube. In addition, after 
completing the construction of the entire wind tunnel, the contraction cone will accelerate 
the flow through the wind tunnel to meet the expected speed. 
 v 
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This section addresses an overview of the project, including background information, 
objectives, motivations for the project, problem statements, and scope of the project. 
1.1 Background 
Wind tunnels are test devices used in aerodynamic experiments to understand the effects of 
air moving around solid objects. In short, a wind tunnel is a combination of a powerful fan 
and a large pipe that creates an airflow inside the pipe. Moreover, the wind tunnel is used to 
provide a wind flow which is steady and controllable to replace nature’s wind in early 
experiment [1]. After that, wind tunnels are often used to test new models of spacecraft, 
aircraft and vehicles, and some wind tunnels have enough space to examine the full-size 
vehicles [2].  
However, the use of wind tunnels is now less and less. For example, the giant wind tunnels 
that have occupied many aviation research centres since the 1930s and 1940s, are now only 
required as backups for computer simulations [3]. 
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Figure 1: Wind Tunnel System Operation Flow Chart Drawing 
Figure 1 is a wind tunnel system operation flow chart drawing. As shown in this Figure, the 
user can enter a wind speed value in the interface built by LabVIEW, and this LabVIEW 
program will control the VFD to adjust the fan to alter the airflow speed to the expected wind 
speed. Then, a DAQ card will report the test section airspeed from the sensor to the computer. 
Finally, the computer will record these data. 
1.2 Problem Statement 
A small wind tunnel system has been acquired and requires re-design and testing. Figure 2 is 
the photograph of the current wind tunnel. These works follow on the ENG470 work by Mr 
Ibrahim Noor Izham, who undertook the initial study that analysed the functionality and 
limitations of the existing wind tunnel. There are three main findings of the initial study. Firstly, 
the current wind tunnel is classified as a subsonic open wind tunnel base on its configuration 
and wind speed. Secondly, the maximum wind speed can be achieved in the test section of 
the current wind tunnel is approximately 2.84 m / s. Finally, the current wind tunnel requires 
a fan with a huge power rating to achieve 20 m /s wind speed at the test section [4]. 
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Figure 2: Current Wind Tunnel 
The conclusion of the works shows the current wind tunnel does not have the capability to 
meet the requirements of Murdoch University.  
1.3 Objectives 
The new objective of this project aims to design and construct an open return wind tunnel, 
which has been designed to achieve 20 m / s in the test section with expected low turbulence 
intensity level. Making it available for Murdoch University research and education purposes, 
and the detail information of these application has addressed in the Literature 2.3 
Applications of Murdoch University Wind Tunnel. Moreover, the wind tunnel design should 
be portable and user-friendly. 
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2.0 Literature Review 
This literature review aims to gain some background information and principle is in order to 
help the new wind tunnel design. This literature review divided into five parts. The first part 
introduces some background information on the wind tunnel.  The second part address the 
applications of the Murdoch University Wind tunnel. Next part introduces components of an 
open circuit wind tunnel which is the type selected in the Murdoch University wind tunnel 
design. After that, the fourth part represents essential theories for wind tunnel design. Finally, 
the last part introduces some instrumentation used in the wind tunnel. 
2.1 Background of Wind Tunnel 
The wind tunnel is a test device used in aerodynamic experiments to analyse the aerodynamic 
properties of different objects. Briefly, the wind tunnel is a combination of a powerful fan and 
large pipe, and it can generate airflow inside of the tube. Although people start to know the 
wind tunnel after the Wright Brothers’ success at Kitty Hawk, in fact, the first wind tunnel was 
built a full 30 years before their success. Francis Herbert Wenham designed the first wind 
enclosed tunnel in 1871 [1]. 
In the early experiment, the wind tunnel is often used to provide a steady and controllable 
wind flow instead of natural wind [1]. Nowadays, wind tunnel often used to test new models 
of spacecraft, aircraft and vehicles, and some wind tunnels have enough space to examine 
full-size cars [2]. This chapter provides some background information of wind tunnel and 
focuses on the four aspects, which are classification, applications, principle, and 
instrumentation of Murdoch University wind tunnel. 
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2.1.1 Classification of Wind Tunnels 
There are many separate types of wind tunnels designed for different purposes and speed 
range. Two parameters can distinguish the wind tunnels. First, based on wind tunnel 
geometry, there are two types of wind tunnels, the closed return wind tunnel and the open 
return wind tunnel. In addition, there are four types of wind tunnels based on Mach numbers, 
which are subsonic wind tunnel (M <0.8), transonic wind tunnel (0.8 <M <1.2), supersonic 
wind tunnel (1.2 <M <5.0) and hypersonic wind tunnel (M> 5.0) [3]. This chapter specially 
introduces the classification base on the wind tunnel geometry and Mach number. 
2.1.1.1 Classification Base on The Wind Tunnel Geometry 
Based on the wind tunnel geometry, there are two types of wind tunnels, the closed return 
wind tunnel and the open return wind tunnel. This section will provide a detailed description 
of the background information of the two wind tunnels, comparing the open return wind 
tunnel and the closed return wind tunnel. 
2.1.1.1.1 Open Return Wind Tunnel 
Figure 3 shows the structure of an open return wind tunnel, also known as a non-recirculating 
wind tunnel or NPL tunnel [6]. It consists of a settling chamber, a contraction cone, a test 
section, a diffuser and an axial fan. 
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Figure 3 : Structure of Open Return Wind Tunnel  [6] 
Depending on the configuration, it is possible to distinguish between two categories of open 
return wind tunnels, namely the sucking tunnel and the blower down wind tunnel. The 
diagram of sucking wind tunnel and blowdown operation mode as shown in Figure 4 and 
Figure 5 [5]. 
The difference between these two types of open wind tunnels is that the airflow leaving the 
test section is not disturbed by the fan in the sucking wind tunnel, but in the blowdown wind 
tunnel, the flow leaving the test section is much disturbed [6]. Furthermore, the distributed 
flow through the fan will affect the produced flow continuousness [5]. 
 
Figure 4 : Sucking Wind Tunnel [5] 
 
Figure 5 : Blowdown Wind Tunnel [5] 
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2.1.1.1.2 Closed Return Wind Tunnel 
Figure 6 shows the structure of the closed return wind tunnel is also known as Prandtl tunnel; 
the arrow in Figure 6 shows the direction of the air flow through the wind tunnel [7]. It 
consists of a contraction cone, a test section, a diffuser and an axial fan and a series of turning 
vanes. The air in the closed return wind tunnel is continuously circulating through the tube 
by a series of turning vanes [7]. 
 
Figure 6 : Structure of Closed Return Wind Tunnel [7] 
The main disadvantage of closed return wind tunnel is that because of added a series of vanes 
and pipes, the construction cost and the dimension of a closed return wind tunnel is increased 
[5]. The main advantage of a closed return wind tunnels is that not all kinetic energy is lost at 
the end of the circuit. Therefore, in general, running a closed return wind tunnel requires less 
power. Thereby reducing operating costs and reducing fan costs [8]. 
2.1.1.1.3 Open Return Wind Tunnel and Closed Return Wind Tunnel Comparison 
The open return wind tunnel has three main advantages compared to the closed return wind 
tunnel. First, the open return wind tunnel consists of fewer components than the closed 
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return wind tunnel, for example, a series of vanes and pipes. Therefore, the open return wind 
tunnel has a lower construction cost and smaller size [9]. Second, the open return wind tunnel 
does not accumulate exhaust products, which is helpful for some experiments which need to 
monitor the particulate matter concentration. In addition, this advantage makes the open 
wind tunnel a superior design for smoke visualization. [6] The other advantage of the open 
wind tunnel is the operation condition is cooler than closed wind tunnel. The closed wind 
tunnel may have to apply active cooling or heat exchangers because of the hotter operation 
environment. [7] 
However, the open return wind tunnel has its disadvantages compared to the closed return 
wind tunnel. First, the flow quality in the test section is poor. Thereby, the possible need for 
extensive turbulence-reducing screens and honeycomb flow straightener [6]. Moreover, the 
wind tunnel should be kept away from objects in the room which the tunnel is located. [7] In 
addition, due to the all kinetic energy is lost in the outlet of open return wind tunnel, the fan 
has to constantly accelerate the air, therefore, its operation cost is increased and a more 
expensive fan with a large power is required [9]. Furthermore, it produces loud noise during 
the working that may limit the time of operation. [6] 
2.1.1.2 Classification Base on Mach Number 
First, the mash number is a dimensionless quantity and represent the ratio of flow speed to 
the local speed of sound. [10] In relation to the classification base on Mach Number, there 
are four types of wind tunnel can be distinguished by the Mach number, which are subsonic 
(M<0.8), transonic (0.8<M<1.2), supersonic (1.2<M<5.0), and hypersonic(M>5.0). [11] 
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The most common type of wind tunnel is the subsonic wind tunnel, and the wind tunnel 
required by Murdoch University is one of this type. Furthermore, in the aircraft industry, the 
usage of the transonic wind tunnel is widespread since most commercial aeroplane operates 
in this regime. Moreover, supersonic wind tunnels are usually used to investigate the 
behaviour of military aircraft and jet engines. Finally, the hypersonic wind tunnel can apply in 
the rocket and spacecraft design. [10] 
2.2 Wind Tunnel Instrumentations  
There are many instruments in the wind tunnel to measure or carry specific functions. Airflow 
velocity and air pressure are the most common parameters measured in wind tunnels. This 
subsection describes two measuring devices and an airflow visualization device, which are 
pitot static tubes, anemometers and smoke generators. 
2.2.1 Pitot tube 
The first measurement device is the Pitot tube, which can measure static pressure and total 
pressure. After that, the dynamic pressure can be obtained by calculation. The basic principle 
of Pitot tube and the essential equations for flow speed calculation is shown as follows. In 
Figure 7, the total pressure is measured at the stagnant point in the flow direction, and the 
static pressure is measured at openings parallel to the flow (in white). [9] 
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Figure 7: Pitot tube  [9] 
After the total pressure and static pressure measurement, the dynamic pressure can be 
calculated by the Equation 1. 
𝑃&4&+% = 𝑃'&+&/# + 𝑃12,+3/#	
Equation 1: Bernoulli's Equation 
Furthermore, the equation also can be written as Equation 2. 
𝑃&4&+% = 𝑃'&+&/# +
𝜌𝑣:
2 	
Equation 2: Expanded Bernoulli's Equation 




Equation 3: Flow Speed Calculation for Pitot-Static-Tube 
2.2.2 Anemometer 
The second measurement instrument is anemometer is one of the simplest devices to 
measure air velocity. Air blows into the blades or cups cause them to rotate and get the wind 
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speed. Figure 8 shows some different kind of anemometers. [12] Due to the size factors can 
interfere with the measurements, anemometers are not suitable for this wind tunnel project. 
 
Figure 8: Different Kind of Anemometers [12] 
2.2.3 Smoke Generator 
Since the air is transparent, it is difficult to directly observe the movement of the airflow. 
Therefore, the visualisation of airflow in a qualitative wind tunnel is critical [13]. Figure 9 is an 
example of a smoke generator [14]. 
 
Figure 9: Smoke Generator [14] 
2.3 Applications of Murdoch University Wind Tunnel 
The wind tunnel applications at Murdoch University can be divided into research applications 
and educational applications. The research application of this wind tunnel is to investigate 
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the particulate matter emissions from biochar-amened soil through wind tunnel experiments. 
Moreover, the education application is using the wind tunnel as an educator to help students 
to understand the principle and phenomenon of aerodynamics. 
2.2.1 Researching Purpose 
First, the research application of this wind tunnel is to investigate the particulate matter 
emissions from biochar-amended soil through wind tunnel experiments. Biochar is a highly 
stable, carbon-rich porous soil amendment produced by the pyrolysis of organic matter, 
including agricultural waste, raw material residues from biofuel production, and manure. 
Biochar intended to be used as a soil amendment can bring many benefits to the agricultural 
sector; for example, it can improve the soil fertility and absorb the carbon in the surrounding 
air. Therefore, using sustainable biochar as a soil amendment is an innovative and promising 
practice for sustainable agriculture [15]. 
However, the biochar also can absorb the pathogens and contaminants from the soil. Due to 
the wind erosion of biochar, the biochar particulars contain the pollutants. [16] Moreover, 
most of the pollutants absorbed by biochar particulars are bioavailable, which meaning that 
the contaminants will be released to the biological system. Therefore, the biochar dust from 
a polluted area might be a potential hazard for health. [16] 
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Figure 10: Particular Matter Emissions from Biochar-amended Soils [16] 
Figure 10 shows the process of particular matter emission from biochar-amended soils. As 
shown in this Figure, the concentration of contaminations in the airborne dust is increased 
due to the particular emissions. [16] 
Wind tunnel experiments are critical to studying the effect of the particular matter emission 
from biochar-amended soils. The wind tunnel must provide easily control of a range of wind 
speed and forces common to the natural wind [17]. The wind tunnel used for this study is an 
open return wind tunnel is capable of producing free stream wind with a speed of 2 to 20 m 
/ s. Moreover, there are no climate parameters adjusted for these experiments. Furthermore, 
the biochar-amended soils were put on removable metal trays in the test section of the wind 
tunnel. Also, to avoid the roughness of the wind tunnel floor is different with soil surface will 
influent the result of the experiment, the wind tunnel floor is constructed of plywood and 
coated with sandpaper. [16] 
Different pressure transducers were installed downwind from the metal trays at six different 
heights on the surface of the tray, and they were connected to the pitot tube to measure the 
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wind speed. Fine particular matter, particulate matter ≤ 10𝜇𝑚 , concentrations were 
measured by using a DuskTrak aerosol monitor at the downwind edge of the metal tray. [16] 
2.2.2 Education Purpose 
The wind tunnel is a powerful tool for an educator to help students to understand the 
principle and phenomenon of aerodynamics. The education purpose of Murdoch University 
is using a wind tunnel in aerodynamic experiments to learn the effect of the airflow as it 
passes a solid object. Some engineering units about aerodynamic, would get benefits from 
the wind tunnel, for example, ENG 339 Wind and Hydro Power System can use wind tunnel 
analyse the influence when air pass aerofoil. 
The Murdoch University 3D printer will print the model using in the aerodynamic experiment. 
Therefore, the maximum dimension of the aerofoil depends on the build volume of the 3D 
printer, which is 28.5 ´ 15.3 ´15.5 cm [18]. The method of placing an objective in the test 
section is shown in Figure 11. For the unit: ENG339, the objective can be a wind turbine blade 
or an aerofoil. The aerofoil is placing the centre of the test section. Moreover, a servo motor 
connected with the gear system via a belt-drive is used to change the angle of the aerofoil.  
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Figure 11: Test Setup in Test Section [4] 
The test section equipping with two large rings with Plexiglass windows to help observe the 
inside of the wind tunnel [5]. Furthermore, the use of a smoke generator for airflow 
visualization also helps to observe airflow characteristics of objects. Figure 12 shows smoke 
line produced by a smoke generator for airflow visualisation [19]. 
 
Figure 12: Smoke Visualisation of the Airflow [19] 
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2.4 Components of an Open Return Wind Tunnel 
The new design wind tunnel of Murdoch University is an open return wind tunnel; therefore, 
this subchapter will introduce the components of an open return wind tunnel. Figure 13 is a 
schematic illustration of an open return wind tunnel, and it shows the structure of an open 
return wind tunnel. The wind tunnel has five components, a settling chamber, a contraction 
cone, a test section, a diffuser, and an axial fan [10]. 
 
Figure 13: Schematic Illustration of an Open Return Wind Tunnel [10] 
2.4.1 Settling Chamber 
The goal of settling chamber is to uniform the airflow [20]. The air in the wind tunnel is 
affected by the rotation of the axial fan, and air flows separately along the wind tunnel [9]. 
Therefore, it is important to know the turbulence structure that the model is subjected to. 
The usual arrangement of settling chamber consists of a honeycomb flow straightener follows 
one or more turbulence-reducing screens [20]. Figure 14 is the structure of a setting chamber 
consist of a honeycomb and two screens. 
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Figure 14: Honeycomb and Screens [20] 
2.4.1.1 Honeycomb Flow Straightener 
As long as the flow yaw angles less than about 10°, honeycombs are very useful to remove 
eddies from the incoming flow and minimizes lateral mean velocity variations [20]. 
Honeycombs uniform the flow by two methods. First, it can turn the flow parallel to the centre 
line of the wind tunnel [9]. Secondly, it reduces fluctuations in the plane perpendicular to the 
flow [9]. In addition, the cross-sectional shape of the honeycomb cells has three different 
layouts, as shown in Figure 15, a circular, rectangular, square or hexagonal cross-sectional 
shape [21]. The most common cross-sectional shape of honeycomb cells is hexagon [20]. 
However, the flow quality at the outlet of the settling chamber is independent of the shape 
of the honeycomb cells, as long as the ratio of length to the diameter of the honeycomb is 
between 8 and 10 [22]. 
 
Figure 15: Different Layouts of Honeycomb Flow Straightener [21] 
 18 
As shown in Figure 16, in order to reduce these lateral mean velocity variations to the same 
wavelength, the cell size should be less than the minimum lateral wavelength of the flow [23].  
 
Figure 16: The Principle of Damped Lateral Fluctuations in a Honeycomb [23] 
2.4.1.2 Turbulence-reducing Screens 
The screen is used to homogenise the velocity profile by applying a static pressure drop which 
is proportional to the square of airflow velocity, and it is usually composed of many small 
obstacles, such as metal wires [20]. These little obstacles can refract the incident flow to the 
local normal and reduce the turbulence intensity level throughout the wind tunnel [20]. As 
shown in Figure 17, the lager vortices convert to the same smaller size by the screen [9]. 
 
Figure 17: Homogenizing the Flow Through a Screen (a) [9] 
In a word, the principle of screens homogenising the velocity is that it is the flow resistance 
of the small obstacles is proportional to the square of the airflow velocity. Therefore, the flow 
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resistance at high velocities is greater than at lower speeds. Then, as shown in Figure 18, the 
screen makes the airflow velocity on the cross section closer to the average; therefore, 
homogenising the velocity distribution [9]. Moreover, two screens are sufficient to straighten 
the airflow for an atmospheric boundary layer wind tunnel. [9] 
 
Figure 18: Homogenizing the Flow Through a Screen (b) [9] 
2.4.2 Contraction cone 
The contraction cone is located between the settling chamber and test section, which is used 
to reduce the variations of velocity and accelerate the flow [24]. The design contraction cone 
begins with a contraction ratio selection, which is the ratio between the contraction cone 
inlet cross-sectional area and outlet cross-sectional area [25]. The contraction ratio of a small 
wind tunnel should vary between 6 to 9. If the contraction ratio is less than 6, the pressure 
loss through screens will be very high. Furthermore, if the contraction ratio is higher than 10, 
the inlet dimension of the contraction cone will be excessive [26]. Then, the next step is to 
design the length of the contraction cone. The length of the contraction cone should vary 
between 0.15 to 1 times the hydraulic radius of the contraction cone inlet. [27] Hydraulic 
diameter is the size used for fluid flow in pipes, pipes, or any other shape. It is calculated by 
the area and circumference of the pipe, where the hydraulic diameter is 4 times the area of 




Figure 19: 3D Model of the Contraction Cone 
2.4.3 Test Section 
Test section also refers to the working area, and it is a section with a constant cross-sectional 
geometry. It is located between the contraction cone and diffuser, and all the experiments 
and measurement will be performed in this section. [9] Figure 20 is the 3D model of the test 
section. 
 
Figure 20: 3D Model of the Test Section 
This wind tunnel project aims to design a wind tunnel to achieve 20 m / s in the test section 
with expected low turbulence intensity level and to make it available to the requirements of 
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the individual purpose. Therefore, the dimension of the test section is significant. Moreover, 
the dimension of the test section will affect the size of other sections and the power of the 
axial fan and then change the total costs of the wind tunnel. Therefore, the size of the test 
section is typical as the starting point for the wind tunnel design.  
There are two parameters need to be considered to design the test section, the cross-section 
area and the length of the test section. First, the cross-sectional area requires sufficient space 
to place the test object and maintain a proper range of blockage ratio. Second, the length of 
the test portion can affect the pressure drop of the test portion. The length of the test section 
should be between 0.5 and 3 times its hydraulic diameter [28]. This range is because the 
length of the test portion requires at least 0.5 times its hydraulic diameter to ensure that the 
nozzle is almost uniform. On the other hand, if the length of the test section exceeds three 
times its hydraulic diameter, the boundary layer thickness is increased and the boundary layer 
at the end of the test section is separated [11]. The principle of boundary layer effect and 
wind tunnel blockage effect will introduce later. 
2.4.4 Diffuser 
The diffuser locates downstream of the test section, and the function of the diffuser is 
reducing the drive system load by decelerating the speed of the air flow from the test section 
achieve static pressure recovery. [12] The area ratio (A.R) between the outlet and inlet of the 
diffuser should less than 2.5 and the diffuser angle should between 5° to 7° to reduce the flow 
separation. Figure 21 is the 3D model of the diffuser. 
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Figure 21: 3D Model of the Diffuser 
2.4.5 Fan Section 
For an open return sucking wind tunnel, the outlet of the diffuser is attaching the fan which 
produces airflow in the wind tunnel. Either an axial fan or a centrifugal fan is commonly used 
in a wind tunnel. Figure 22 shows the examples of an axial fan and a centrifugal fan. [9] An 
axial fan is the most common type of fan used in the wind tunnel, and it can produce airflow 
with less turbulence. Moreover, the airflow exits the fan is parallel to the fan duct. However, 
the centrifugal fan is usually used in the open blowdown wind tunnel, and the airflow exits 
the fan is perpendicular to the air inlet. [9] 
 
Figure 22: An Axial Fan (left) and a Centrifugal Fan (right) [9] 
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2.5 Essential Theories for Wind Tunnel Design 
A wind tunnel as an aerodynamic research tool, many theories apply to it. Understanding the 
essential methods for wind tunnel is necessary for modelling the wind tunnel design. This part 
will introduce some fundamental theories for wind tunnel design which include mass 
continuity, Bernoulli’s Principle, and boundary layer effects. Finally, the power requirement 
calculation of the fan base on these theories will address at the end of this part. 
2.5.1 Mass Continuity 
Mass continuity shows that a mass of fluid that enters and come out a duct is same for a 
steady state flow as shown in Figure 23. [9] In a word, no matter the cross-section area 
increases or decreases, the mass will never change. In Figure 23, the lower velocity and large 
area at the inlet of the duct, and the higher velocity and smaller area at the outlet. 
 
Figure 23: Mass Continuity [9] 
Equation 4 mass continuity equation state the mass of flow will not change in a steady state 
flow. [9] Where m is the flow rate (kg/s), r is the density (kg/m3), A is the cross section area 
(m3), and v is velocity ( m / s). 
𝑚/, = 𝑚4E& 
𝜌F𝐴F𝑣F = 𝜌:𝐴:𝑣: 
Equation 4: Mass Continuity 
The airflow in a subsonic wind tunnel is incompressible (i.e. r1 = r2) [9]. Therefore, the mass 
continuity equation can be simplified to  Equation 5. 
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𝐴F𝑣F = 𝐴:𝑣: 
 Equation 5: Simplified Mass Continuity Equation 
2.5.2 Bernoulli’s Principle 
Secondly, the Bernoulli’s principle state that total pressure of an inviscid and incompressible 
fluid along streamline is a constant. (see Equation 6)  It means that increasing the fluid speed 
will simultaneously cause pressure or fluid's potential energy decrease. [29] Figure 24 shows 
that Bernoulli’s law on a streamline for changing duct cross section. [9] 
 
Figure 24: Bernoulli’s law on a streamline for changing duct cross section [9] 




Equation 6: Bernoulli’s Equation for Ideal Flow 
Where P stat is the total pressure (kg/m3), r is the density (kg/m3), g is the gravitational 
acceleration (m / s2), z is the height above reference level (m), and v is the velocity (m / s). 
Moreover, the constant is total pressure. [7] 
2.5.3 Boundary Layer Effects 
The third theory is boundary layer effects. In general, due to the shear stress at the surface, 
the flow touching the surface will rest, when the air flow over a stationary surface. Figure 25 
shows the boundary layer. 
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Figure 25: Boundary Layer [28] 
There are two type boundary layers, which are laminar, or turbulent, and it is depend on the 
Reynolds number. A small value of Reynolds number means laminar flow, and a turbulent 
flow has high Reynolds number. [28] 
2.5.4 Power Requirement Calculation for the Fan 
Fan power requirement is an important aspect of wind tunnel design, a high-power fan will 
be costly, and a low power fan will make it so that the airflow speed cannot match the 
designing requirement. Therefore, the fan power requirement calculation is essential to 
optimize the wind tunnel design.  
The fan power required to maintain a steady flow through the wind tunnel counteracts the 
total pressure loss that occurs in the flow through the tunnel. These losses are due to the 
friction of each part of the wind tunnel during operation, and the kinetic energy is dissipated 
by vortices and turbulence [29]. 
Moreover, the function of the fan is equalizing the pressure. Therefore, the Bernoulli's 
equation for fan power requirement Calculation can be written in Equation 7.  
𝑝'&+&F + 𝑞F − ∆𝑝&4& + ∆𝑝&4&(*+,) = 	𝑝'&+&: + 𝑞: 
Equation 7: Bernoulli's Equation for Fan Power Requirement Calculation 
The ∆𝑝&4& is the total pressure loss and the  ∆𝑝&4&(*+,) is the pressure rise by the fan, and the 
q is dynamic pressure. [32] Therefore, to apply this principle to the wind tunnel design, the 
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first step is to calculate the total pressure losses.  The total pressure losses are equal to the 
sum of pressure loss of each section. Equation 8 represents pressure loss at each section, 𝑣+Q$  
is the average velocity and 𝐾/  is the pressure loss coefficients. [33] 
∆𝑝/ = 	
1
2 × 𝜌 × 𝑣+Q$ × 𝐾/	
Equation 8: General Pressure Loss 
After working out the total pressure loss, using the Equation 9 to determine power 
requirement for the wind tunnel. where Q is the volumetric flowrate and ∆𝑝&4& is the total 
pressure loss 
𝑃-& = 𝑄. ∆𝑝&4& 
Equation 9: Power Requirement for the Wind Tunnel 
Finally, using the Equation 10 to calculate the fan power requirement. The R.F is the reserve 





Equation 10: Fan Power Requirement 
2.6 Summary 
This literature review has addressed some background information and principle is helping 
for the new wind tunnel design. First, it has introduced a different type of wind tunnel and 
each section of an open return wind tunnel.  Secondly, there are two applications of Murdoch 
University wind tunnel give some limitations and requirement for the wind tunnel design. 
Moreover, some essential theories for wind tunnel design and the fan power requirement 
have been addressed in 2.5.4 Power Requirement Calculation for the Fan. Finally, this 
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literature review has represented some instrumentations involve two measurement devices 
and a flow visualisation device, which can improve the wind tunnel experiments observations. 
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3.0 Theoretical Modelling 
Theoretical modelling is a method based on the Mass continuity and Bernoulli’s principle 
which has been address in the Literature review: 2.5 Essential Theories for Wind Tunnel 
Design. Moreover, the fan power required to maintain a steady flow through the wind tunnel 
counteracts the total pressure loss that occurs in the flow through the tunnel. i.e. as shown 
in Equation 11, the total pressure loss through wind tunnel (∆𝑝-&) has to be equal to the 
pressure rise by the fan (∆𝑝*+,) [9]. 
∆𝑝-& = ∆𝑝*+, 
Equation 11:Relationship Between Total Pressure Loss and Pressure rise by the Fan 
These losses are due to the friction of each part of the wind tunnel during operation, and the 
kinetic energy is dissipated by vortices and turbulence [29]. Equation 12 represents that 
multiplying the dynamic pressure and pressure loss coefficient to calculate the pressure loss 
at each section [28]. 
∆𝑝/ = 𝑃12,+3/# × 𝐾/	=	
1
2 × 𝜌 × 𝑣 × 𝐾/	
Equation 12: Pressure Loss at Each Section 
Therefore, this method is to obtain the total pressure loss coefficient according to the size of 
each component, and then calculate the fan power. This section will introduce the procedure 
and the result of the theoretical modelling with detail explanations. 
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3.1 Theoretical Modelling Procedure 
The first step in wind tunnel design is to choose the right configuration for the new wind 
tunnel design. The configuration selected for this project is an open return sucking wind 
tunnel. The reasons why select this open return wind tunnel are listed as follow. 
1. Lower construction cost  
2. Smaller dimension 
3. Easy to transport 
4. Does not accumulate exhaust products 
As mention before, the closed wind tunnel has more components than the open return wind 
tunnel so that the construction cost will be higher. Also, the dimension of the wind tunnel will 
be larger, which will require a more significant area to store this equipment. Moreover, the 
wind tunnel need to be portable, and the wind tunnel with less components will be easier to 
transport. Finally, open return wind tunnel does not accumulate exhaust products, which 
helps monitor particular matter emission concentration in the wind tunnel. 
Moreover, for the blowdown wind tunnel, the flow leaving the test section is much disturbed 
[6]. Furthermore, the distributed flow through the fan will affect the produced flow 
continuousness [5]. Therefore, this project chooses the open return sucking wind tunnel.  
The next step is to determine the dimensions of the test section, which must be large enough 
to accommodate the test model. In order to avoid excessive flow distortion due to wind 
tunnel blockage effect, many design specifications limit the allowable blockage ratio, usually 
no more than 5% [34]. Moreover, the test model will be printed by the 3D printer of Murdoch 
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University, whose maximum print volume is 28.5×15.3×15.5 cm [35]. The maximum cross-
sectional area of object is 15.3×15.5 cm, and the maximum length of object is 28.5 cm.  
Blockage Ratio with Different L 
L (m) 0.4 0.5 0.6 0.7 0.8 
A ts (m2) 0.16 0.25 0.36 0.49 0.64 
Blockage Ratio 14.06% 9.00% 6.25% 4.59% 3.52% 
Table 1: Blockage Ratio with Different L (based on maximum object size) 
Table 1 shows the blockage ratio with different L. Blockage ratio represents the cross-
sectional area of object divide by the cross-sectional area of test section. L is the side length 
of the cross section of the test section. The design rules for wind tunnel design mention in the 
2.4 Components of an Open Return Wind Tunnel should be used to decide the other 
dimension of the wind tunnel. For example, the length of the test section should be from 0.5 
to 3 times its hydraulic diameter [20]. Finally, enter the dimension of each components of the 
wind tunnel in the theoretical modelling spreadsheet designed by Mr Ibrahim to total 
pressure drop and the fan power. 
Figure 26 shows the 2D dimension of the wind tunnel design and all the values in millimetre. 
The length of the wind tunnel is 5.264 m, and height is 2 m without the supporting structure. 
 
Figure 26: 2D Dimension of the Wind Tunnel Design 
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The dimension of the honeycomb sample is shown in Table 2, and the symbols used in Table 
2 is shown in Figure 27. 
Table 2: Honeycomb Dimension 
d honey 10 mm 
S honey 0.05 mm 
I ghoney 6 mm 
l honey 5 mm 
Length (perpendicular to the cross section) 80 mm 
 
Figure 27: Honeycomb Structure [36] 
The dimension of screens is shown in Table 3, and the symbols used in Table 3 is shown in 
Figure 28. 
Table 3: Screens Dimension 




Figure 28: Screen Structure [36] 
Figure 29 is the spreadsheet of the theoretical modelling did by Mr Ibrahim [4]. In this project, 
the spreadsheet is used as a tool for the wind tunnel design. The green cell represents the 
input value, and the user can enter the design value. For example, enter the expected wind 
speed of the part, the size of each section. The yellow cells represent output, for instance, 
after entering the wind speed 20 m / s at test section and the cross-sectional area value in 
the spreadsheet, it will calculate the pressure loss coefficient of the test section. Moreover, 
the red cells represent notes, including some explanations and limitations. 
 
Figure 29: Theoretical Modelling [4] 
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3.2 Theoretical Modelling Result 
Figure 30 is the screen capture of the design summary after entering all the dimension in the 
spreadsheet. 
 
Figure 30: Screen capture of Design Summary [4] 
The symbols used in Figure 30 have addressed in the Section: List of symbols. The power 




4.0 CFD Simulation 
To analyse the turbulence intensity level in the wind tunnel and verify the wind tunnel 
performance, a computational fluid dynamics simulation is conducted by the Autodesk® CFD 
2019. This software is a tool to help designer to optimize system, validate system behaviour, 
and predict designs performance before manufacturing by computational fluid dynamics 
simulation. [36] This section will introduce the procedure and the result of the CFD simulation 
with explanations. 
4.1 CFD Simulation Procedure 
To use this software correctly, the first step is to build a model of the test object using 
AutoCAD. The wind tunnel 3D model is built based on the Table 4. 
Table 4: Dimension of Each Section for CFD Simulation 
Module Width (m) Height (m) Length (m) Area (m2) Area Ratio 
Contraction Cone  2 2 1.1 4 8 
Test section 0.7 0.7 1.8 0.49 ---------------- 
Diffuser 0.99 0.99 2.23 0.9801 2 
Figure 31 is the screenshots of the 3D model of the wind tunnel design built in the AutoCAD. 
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Figure 31: 3D Model of the Wind Tunnel Design 
After importing this 3D model into the CFD simulation, the material of each component needs 
to be selected. The material of test section is Plexiglass, and the material of the contraction 
cone and the diffuser is aluminium. 
The turbulence module used in the CFD model is a standard k-epsilon model, which is most 
common model used in the turbulence intensity analysis. Figure 32 shows the constants used 
in the standard k-epsilon model [37] 
 
Figure 32: Model Constants [37] 
4.2 CFD Simulation Result  
Figure 33 shows the CFD simulation result of the wind tunnel design. The wind velocity of 
the test section has a uniform pattern with a peak of 20 m / s. The colour bar indicates 
the velocity magnitude in m / s. The velocity increased gradually in the contraction cone 
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and decreased gradually in the diffuser section, which is satisfied the mass continuity 
equation for a subsonic flow. 
Figure 33
 
Figure 33: Contours of Velocity Magnitude for the Wind Tunnel Design 
Figure 34 show the turbulence intensity analysis result for the wind tunnel design. The colour 
bar indicates the turbulence intensity level in percentage. It can be seen that only the outlet 
of the contraction cone, very beginning of the test section and the exit of the diffuser have a 
little bit turbulence, but both of them is less than three per cent. 
 
Figure 34: Contours of Turbulence Intensity for the Wind Tunnel Design 
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4.3 Summary 
The CFD simulation shows the velocity increased gradually in the contraction cone and 
decreased gradually in the diffuser section, which is satisfied with the mass continuity 
equation for subsonic flow. Moreover, the turbulence intensity is less than three per cent. 
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5.0 Fan Test  
The axial fan with a VFD for this wind tunnel project was delivered at the end of March 2019, 
and the total cost of the fan and VFD is $5769.5. The fan information is shown in Table 5. 
Table 5: Fan Information 
Fan Model TRA-899 
Diameter 900 mm 
Blade Number 6 Blades  
Output Power 7.5 kW 
Voltage 415 V 
Frequency 50 Hz 
Fan Speed  1440 RPM 
It is a SMITHS 900 mm tube fan with six blade adjustable pitch impellers. The full load output 
power is 7.5 kW, the operating voltage is 415V, and the operating frequency is 50 Hz. 
Moreover, the maximum fan speed is 1440 RPM. 
In order to assist the subsequent wind tunnel project, an experiment was conducted on 25 
May 2019 to study the relationship between wind flow speed generated by the axial fan with 
different fan speed in RPM. 
5.1 Experiment Method 
The project aims to ensure that the wind tunnel is capable of generating airflow with a wind 
speed of 20 m / s in the test section. Based on the mass continuity, the relationship between 
the test section wind speed and the fan section wind speed is shown in Equation 13. 
𝜌&' × 𝐴&' × 𝑉&' = 𝜌*+, × 𝐴*+, × 𝑉*+, 
Equation 13: Relationship between V ts. and V fan 
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The flow in a subsonic wind tunnel (mash number lower than 0.3) is incompressible (i.e. 𝜌&' =
𝜌*+,.) [9]. So, Equation 13 is simplified to Equation 14. 
𝐴&' × 𝑣&' = 𝐴*+, × 𝑣*+, 
Equation 14: Equation 14(Simplified) 
Therefore, the wind speed of the fan section should be at least 15.405 m / s. This subsection 
introduces the laboratory procedure with a detail explanation and lists all the equipment used 
in this fan experiment. 
5.1.1 Equipment 
The equipment for this experiment is a tape measure, a pitot tube, a series 477AV handheld 
digital manometer, a Smith 900mm axial fan, and a Delta VFD including a KPE-LE02 digital 
keypad. 
Figure 35 shows a tape measure attached to a rob, and it is used to measure the distance 
from the pitot tube to the edge of the slider. 
 
Figure 35: Tape Measure 
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Figure 36 is a Pitot tube, and it as a pressure transducer connected with series 477AV 
handheld digital manometer as shown in Figure 37. 
 
Figure 36: Pitot Tube 
 
Figure 37: Series 477AV Handheld Digital Manometer 
As shown in Figure 37, this handheld digital manometer can automatically display the airflow 
speed based on the static pressure and dynamic pressure measured from the pitot tube. 
Figure 38 is the Smith 900mm axial fan, and the information of it is shown in Table 5. 
Moreover, the nameplate and nameplate recognition of the fan motor is shown in 
Appendices Figure 46 and Figure 47. 
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Figure 38: Smith 900mm Axial Fan 
In order to operate the Smith 900mm fan properly, a variable frequency drive (VFD) from 
“Delta Electronics Ltd.” has been used. Figure 39 is a photograph of Delta VFD installed on the 
test setup structure. 
 
Figure 39: Delta VFD (installed) 
Figure 40 is the KPE-LE02 Digital Keypad for VFD-E Series, and it is used to control the VFD 
[38]. It can display the actual output frequency and output current at terminals. Moreover, 
after entering the correct parameter in the VFD, it can present a user-defined unit [38]. 
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Figure 40: KPE-LE02 Digital Keypad for VFD-E Series 
5.1.2 Laboratory Procedure 
The first step in this test is to enter the parameters to the VFD, and it needs to enter two 
parameters, display and setting user-defined unit. As shown in Figure 41, the parameters of 
the display and setting user-defined unit are 00.04 and 00.05, respectively [39].  
 
Figure 41: Parameters of the Display and Setting User-defined Unit  [39] 
To set the user-defined unit to display fan speed in RPM, the user-defined coefficient should 
be entered as 30. This value is obtained by Equation 15. 
𝑛 =
120
𝑃 × 𝑓 
Equation 15: Motor Speed 
n: speed (RPM) (revolution per minute) 
P: pole number of the motor 
f: operation frequency (Hz) 
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The fan test setup is shown in Figure 42, and Figure 43 is the diagram of test setup. 
 
Figure 42: Fan Test Setup 
 
Figure 43: Test Set up Diagram 
Then, connected the pitot tube to the handheld digital manometer to measure airflow 
velocity. The high-pressure side of manometer should be connected to the total pressure tap 
and low-pressure side to static pressure. Moving the rod to change pitot tube position and 
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making a series of readings at these four positions, as shown in Figure 43. After that, averaging 
wind speed recorded at each location for final speed value. The VFD has a minimum set 
frequency of 25 Hz and a maximum set frequency of 50 Hz. Finally, change the set frequency 
from 25 Hz to 50 Hz in interval one frequency by rotating the potentiometer on the keypad 
and record the reading. 
5.2 Experiment Result 
The completed data from the experiment is recorded in an Excel spreadsheet, as shown in 
Table 6 of the Appendices. Figure 44 shows the relationship between the motor speed and 
the airflow wind speed is plotted based on the result.  
 
Figure 44: Wind Speed with Different Motor Speed 
Figure 44 shows a linear relationship between wind speed and motor speed. In addition, the 
minimum wind speed is 6.57 m / s, and the maximum wind speed is 12.97 m / s. The 
coefficient of determination is 0.9976, which means these data is useful to predict the 
relationship between wind speed and motor speed. 





















Wind Speed with Different Motor Speed
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5.3 Discussion 
The project aims to ensure that the wind tunnel is capable of generating airflow with a wind 
speed of 20 m / s in the test section. For the new design wind tunnel for this project, the test 
section is located upstream of the fan section. There are two reasons why this experiment 
was performed downstream of the fan. First, the wind speed upstream of the fan is deficient 
before the fan is connected to the diffuser because the fan draws in air from a large area 
upstream of the fan. The second reason is that for safety reasons, the blade is close to the 
edge upstream of the tube, which can be harmful to individuals and measuring devices. 
Moreover, the result of this experiment show that the maximum measured wind speed is 
12.97 m / s. It is much slower than the expected 15.405 m / s. Even though the maximum 
wind speed reading for this experiment was 14.57 m / s, it was lower than the wind speed 
expected. 
The reason for the low wind speed measured by the pitot tube is that the vibration of the fan 
test setup structure becomes stronger as the set frequency increases, affecting the wind 
speed measurement of the pitot tube. In Figure 45, the total pressure is measured at the 
stagnant point of the Pitot tube in the flow direction, and the static pressure is measured at 
openings parallel to the flow (in white). Because of the huge vibration, the Pitot tube is no 
longer parallels to the flow direction. The measured total pressure is reduced, and the 
measured static pressure is increased. Therefore, based on Equation 3: Flow Speed 
Calculation for Pitot-Static-Tube, the wind speed decreased. In addition, the contraction cone 
will accelerate the flow through the wind tunnel [22]. Therefore, the flow rate will increase 
after the construction of the entire wind tunnel is completed. 
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Figure 45: Measurement by a Pitot Tube [9] 
5.4 Summary 
This experiment investigates the relationship between wind flow speed generated by the axial 
fan with different fan speed in RPM. The fan test results show that the maximum wind speed 
produced by the axial fan was measured to be 12.97 m / s, which is much lower than the 
expected speed of the fan section of 15.405 m / s. The reason is that the vibrations of the fan 
test structure affect the wind speed measurement of the Pitot tube. In addition, after the 
construction of the entire wind tunnel is completed, the contraction cone will accelerate the 
flow through the wind tunnel. This subsection has introduced the laboratory procedure with 
explanations and lists all the equipment used in this fan experiment. 
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7.0 Future Study Recommendation 
The task of future research is to build and calibrate the wind tunnel system and design a user-
friendly interface to control the system through LabVIEW. 
After the completing the construction of the entire wind tunnel, a DAQ card can be used to 
collect data from the sensors and transfer the data to the computer. Moreover, in order to 
improve the function of the wind tunnel, some instruments such as a smoke generator and 
pitot tubes can be added to the wind tunnel system. In addition, the vibration of the system 
will be reduced, so the pitot tube will measure wind speed more accurately. 
8.0 Conclusion  
The project aims to design and build a new open return air system for Murdoch University, 
designed to reach 20 m / s in the test section with the expected low turbulence intensity level. 
Making it available for research and educational purposes at Murdoch University. 
The report has addressed the dimension of the new wind tunnel design by theoretical 
modelling method. Moreover, based on the size of each component, an AutoCAD modelling 
and a CFD simulation is conducted to investigate the turbulence intensity level in the test 
section. The results show that when the wind tunnel is operated at a wind speed of 20 m / s, 
the turbulence intensity of the test section is less than 3%. The fan test results show that the 
maximum wind speed produced by the axial fan was measured as being 12.97 m / s, which is 
much lower than the expected speed of the fan section of 15.405 m / s. The reason is that the 
vibrations of the fan test structure affect the wind speed measurement of the Pitot tube. In 
addition, after completing the construction of the entire wind tunnel, the contraction cone 
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Table 6: Fan Test Result 
Test 638, Test 760, Test 836 means there different measure points as shown in Figure 43. 
 
Figure 46: Motor Nameplate 
From Figure 46, the fan motor has four poles. 
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Figure 47: Nameplate Recognition 
